Abstract. The characteristics of the zones of coseismic surface faulting along thrust faults are analysed in order 7 to define the criteria for zoning the Surface Fault Rupture Hazard (SFRH) along thrust faults. Normal and strike-8 slip faults have been deeply studied by other authors concerning the SFRH, while thrust faults have not been 9 studied with comparable attention.
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slip faults have been deeply studied by other authors concerning the SFRH, while thrust faults have not been 9 studied with comparable attention.
10
Surface faulting data were compiled for 11 well-studied historic thrust earthquakes occurred globally (5.4 ≤ M ≤ 11 7.9). Several different types of coseismic fault scarps characterise the analysed earthquakes, depending on the to-12 pography, fault geometry and near-surface materials (simple and hanging wall collapse scarps; pressure ridges; 
22
A positive relation between the earthquake magnitude and the total WRZ is evident, while a clear correlation be-23 tween the vertical displacement on the principal fault and the total WRZ is not found.
24
The distribution of surface ruptures is fitted with probability density functions, in order to define a criterion to 25 remove outliers (e.g. 90% probability of the cumulative distribution function) and define the zone where the like- In order to shape zones of SFRH, a very detailed earthquake geologic study of the fault is necessary (the highest 29 level of SM, i.e., Level 3 SM according to Italian guidelines). In the absence of such a very detailed study (basic 30 SM, i.e., Level 1 SM of Italian guidelines) a width of ~840 m (90% probability from "simple thrust" database of 31 distributed ruptures, excluding B-M, F-S and Sy fault ruptures) is suggested to be sufficiently precautionary. For 32 more detailed SM, where the fault is carefully mapped, one must consider that the highest SFRH is concentrated 33 in a narrow zone, ~60 m in width, that should be considered as a fault avoidance zone (more than one third of the 34 distributed ruptures are expected to occur within this zone).
35
The fault rupture hazard zones should be asymmetric compared to the trace of the principal fault. The average 36 footwall to hanging wall ratio (FW: HW) is close to 1:2. 
52
Coseismic surface ruptures during large earthquakes might produce damage to buildings and facilities located on 53 or close to the trace of the active seismogenic fault. This is known as Surface Fault Rupture Hazard (SFRH), a 54 localized hazard that could be avoided if a detailed knowledge of the fault characteristics is achieved. The mitiga-55 tion of SFRH can be faced by strategies of fault zoning and avoidance or, alternatively, by (or together with) 56 3 probabilistic estimates of fault displacement hazard (e.g. Youngs et al., 2003; Petersen et al., 2011 
108
The objectives of this work are: 1) to compile data from well-studied surface faulting thrust earthquakes globally 109 (we analysed 11 earthquakes with magnitudes ranging from 5.4 to 7.9); 2) to analyse statistically the distribution 
113
This work analyses the data from 11 well-studied historic surface faulting thrust earthquakes occurred worldwide 114 during the last few decades ( 
119
We compiled from the literature data on both principal and distributed faulting, as defined by Youngs et al. 
145
In order to distinguish the principal fault rupture from distributed ruptures, all of the following were considered: 146 1) larger displacement compared to distributed faulting; 2) longer continuity; 3) coincidence or nearly coinci-147 6 dence with major tectonic/geomorphologic features, such as the trace of the main fault mapped before the earth-148 quake on geologic maps.
149
The distance was measured perpendicularly to the average direction of the principal fault, which was defined by 150 visual inspection of the published maps, averaging the direction of first-order sections of the principal fault rup-151 ture (few to several km-long). Particular attention was paid close to variations of the average strike, in order to 152 avoid duplicate measurements. In some places, the principal fault rupture is discontinuous. In few of those cases,
153
and only for the purpose of measuring the distance of distributed ruptures from the main fault trace, we drew the 154 trace of the main geologic fault between nearby discontinuous ruptures by using major tectonic/geomorphologic 155 features from available maps (inferred trace of the principal geologic fault in Fig.s S1, S2 , S8, S9, S10 and S11). 
166
All the distributed ruptures reported in the published maps as of primary (i.e., tectonic) origin were measured. The measured ruptures have been classified according to the scarp types illustrated in Fig. 2 , alternatively the 178 scarp type was classified as "Unknown". Scarp types from "a" to "g" (Fig. 2) 
197
The collected data was analysed in order to evaluate the width of the rupture zone (WRZ), intended as the total 198 width, measured perpendicularly to the principal fault rupture, within which all the distributed ruptures occur. 
207
In Fig. 3b all the data (excluding scarps with B-M, F-S and Sy fault ruptures) are distinguished by scarp type.
208
Simple Pressure Ridges with narrow WRZ prevail. Larger WRZ characterizes back-thrust, low-angle and oblique 209 pressure ridges, implying that the main thrust geometry, the local kinematics and the near-surface rheology have 210 a significant control in strain partitioning with consequences on the WRZ, as expected.
211
The occurrence of B-M or F-S fault ruptures is strictly related to the structural setting of the earthquake area. In 
222
Ruptures close to the main fault (r < 150 m) are due to processes operating in all the scarp types (Fig. 3b) , but for 223 larger distances the distributed faulting can be affected by other processes such as large-scale folding or sympa-224 thetic reactivation of pre-existing faults (Fig.s 3a and 3c ), contributing significantly in widening the WRZ.
225
For the analysis of the statistical distribution of "r", the collected data was fitted with a number of probability 226 density functions by using the commercial software EasyFitProfessional©V.5.6 (http://www.mathwave.com), 227 which finds the probability distribution that best fits the data and automatically tests the goodness of the fitting.
228
We decided to analyse both the database without B-M, F-S and Sy fault ruptures (called here "simple thrust" dis-229 tributed ruptures; Fig. 4 ) and the entire database of distributed ruptures without filtering (Fig. 5) . The aim is to 230 analyse separately: 1) distributed ruptures that can be reasonably related only to (or preferentially to) the coseis-231 mic propagation to the ground surface of the main fault rupture; they are expected to occur in a rather systematic 232 way compared to the main fault trace; and 2) distributed ruptures that are affected also by other, non-systematic For "simple thrust" distributed ruptures, the hanging wall data (Figs. 4a and 4b) has a modal value of 7.1 m. The 237 90% probability (0.9 of the cumulative distribution function, HW90) seems to be a reasonable value to cut off the 238 outliers (flat part of the curves). It corresponds to a distance of ~575 m from the principal fault. From a visual in-239 spection of the histogram (Fig. 4b) , there is an evident sharp drop of the data approximately at the 35% probabil-240 ity (HW35), corresponding to a distance of ~40 m from the principal fault. The second sharp drop of the data in 241 the histogram occurs close to the 50% probability (HW50, corresponding to ~80 m from the principal fault). Also 242 the 3rd quartile is shown (HW75), corresponding to a distance of ~260 m from the main fault. The widths of the 243 zones for the different probabilities (90%, 75%, 50% and 35%) are listed in Table 2a .
244
The footwall data (Figs. 4c and 4d ) has a modal value of the best fitting probability density function of 5 m. By 245 applying the same percentiles used for the hanging wall, a 90% cut off (FW90) was found at a distance of ~265 246 m from the principal fault. The FW75, FW50 and FW35 correspond to distances of ~120 m, ~45 m and ~20 m 247 from the principal fault, respectively (Table 2a) . It is worth noticing that also for the footwall the 35% probability 248 corresponds to a sharp drop of the data.
249
The ratio between the width of the rupture zone on the footwall and the width of the rupture zone on the hanging 250 wall ranges from 1:1.8 to 1:2.2 (Table 2a) , and therefore it is always close to 1:2 independently from the used 251 percentile.
252
The results of the analysis performed on the entire database of distributed ruptures, including also the more com-253 plex secondary structures of B-M, F-S and Sy fault ruptures, is illustrated in Fig. 5 and summarized in Table 2b .
254
As expected, the WRZ is significantly larger than for "simple thrust" distributed ruptures. The HW90, HW75 and 
262
In order to analyse the potential relationships between WRZ and the earthquake size, in Fig. 6 the total width of 263 the rupture zone (WRZ tot = WRZ hanging wall + WRZ footwall) is plotted against Mw (Fig. 6a) and, for the 264 subset of data having displacement information, against the vertical displacement (VD) on the principal fault 265 (Fig. 6b) . The vertical displacement measured at the ground surface is highly sensitive to the shallow geometry of 266 the thrust plane. The net displacement along the slip vector is a more appropriate parameter for considering the 267 10 size of the displacement at the surface. However, the net displacement is rarely given in the literature, or can be 268 obtained only by assuming a fault dip, while VD is the most commonly measured parameter. Therefore, we used 269 VD as a proxy of the amount of surface displacement. In Fig. 6a a bly-oriented fault is present, and 2) its distance from the main seismogenic source. A correlation between the to-274 tal WRZ and VD is not obvious (Fig. 6b) . Even for small values of VD (< 1 m) the total WRZ can be as wide as 275 hundreds of meters, but a larger number of displacement data is necessary for drawing convincing conclusions. (Table 3) .
281
A first question that needs to be answered is which set of data between "simple thrust" distributed ruptures (Fig.   282 4; Table 2a ) and all distributed ruptures (Fig. 5, Table 2b ) is the most appropriate to be used for sizing the fault 283 zones. The answer is not easy and implicates some subjective choices. In Table 3 we suggest using the results 
299
3) Some secondary faults connected with the principal fault can be sufficiently large to have their own geologic 300 and geomorphic signature, and can be recognized before the earthquake. Most likely, close to the surface these 301 structures behave similarly to the principal fault, with their own distributed ruptures. Faults with these character-302 istics should have their own zone, unless they are included in the principal fault zone. 303 4) Point 3 also applies to distant large active faults that can undergo sympathetic triggering. They should be 304 zoned as separate principal faults. Using Sy fault ruptures for shaping zones of fault rupture hazard would imply 305 distributing the hazard within areas that can be very large (Fig.s 5, 6 ). The size of the resulting zone would de-306 pend mostly on the structural setting of the analysed areas (presence or not of the fault, distance from the seismo-307 genic source) rather than the mechanics which controls distributed faulting in response to principal faulting. (Fig. 3c) . In any case, B-M and F-S secondary faults are strictly related to the 310 structural setting of the area (large-scale folding; fold shape, wavelength and tightness; stiffness of folded strata). fold is formed by strata of stiff rocks able to slip along bedding planes (e.g. Fig. 2i ). Moreover, it is known that 316 coseismic B-M or F-S faults often reactivate pre-existing fault scarps (e.g. Yeats, 1986 ) which might help in zon-317 ing the associated potential fault rupture hazard before the earthquake. Therefore, knowledge of the structural set-318 ting of the area can help in identifying zones potentially susceptible to B-M or F-S faulting, which should be 319 zoned as separate sources of fault rupture hazard.
321
In Table 3 , the total WRZ from the present study is compared with the sizes of the zones proposed by the Italian 
323
The values reported in Table 3 could be used for integrating the existing criteria. In particular, the total WRZ 
12
The first observation is that the FW:HW ratio proposed by the Italian guidelines is supported by the results of this 328 study (FW:HW ratio close to 1:2).
329
Assuming that the 90% probability is a reasonable criterion for cutting the outliers from the analysed population, 
342
In Table 3 
360
The distribution of secondary ruptures for "simple thrust" ruptures (without B-M, F-S, and Sy fault ruptures) can 361 be fitted by a continuous probability density function, of the same form for both the hanging wall and footwall.
362
This function can be used for removing outliers from the analysed database (e.g. 90% probability) and define cri-363 teria for shaping SFRH zones. These zones can be used during seismic microzonation studies and can help in in- 
372
The analysis of the entire database of distributed ruptures (Fig. 5) indicates significantly larger rupture zones 373 compared to the database without B-M, F-S and Sy fault ruptures. This is due to the combination of processes re-374 lated to the propagation up to the surface of the main fault rupture and other processes associated with large-scale 375 coseismic folding, as well as triggering of distant faults. These data can be useful in poorly-known areas, in order 376 to assess the extent of the area within which potential sources of fault displacement hazard can be present.
377
The results from this study, particularly the function obtained in Fig. 4 
